Antimony(V) chloride acts as an efficient oxidant for the aromatization of 1,4-dihydropyridines in dichloromethane at room temperature. The products of high purity were isolated after simple work-up in high-excellent yield. Plausible non-typical two-electron transfer mechanism of the reaction was postulated to explain results obtained with 4-alkyl substituted 1,4-DHPs.
Introduction
1,4-Dihydropyridines (1,4-DHPs) are one of the most important class of heterocyclic compounds due to their pharmacological activity as calcium antagonists or agonists. 1 The 1,4-DHPs cause vasorelaxation by blocking voltage-operated calcium channel in smooth muscle cells and also by increasing NO release from the intact endothelium. 2 Recently, some other pharmacological activities have been reported such as: antitumor, 3 bronchodilating, 4 antidiabetic, 5 antiviral 6 and antianginal. 7 The 1,4-DHPs have also been extensively utilised as analogs of NAD(P)H coenzymes to study the mechanism and synthetic potential of various redox processes. 8 The oxidation (aromatization) of 1,4-DHPs into corresponding pyridines is one of the main metabolic pathways of these drugs. This process is catalysed by the cyctochrome P450 (CYP) 3A4 isoform. 9, 10 Moreover, the products of aromatization (substituted pyridines) have found use in treatment of atherosclerosis. 11 Consequently, this aromatization reaction continues to attract the attention of researchers for the discovery of mild and general oxidant to a wide variety of substituted 1,4-DHPs. Several oxidizing agents have been used for that purpose including metallic salts, 12 non-metallic reagents 13 among others. 14 However, most of the methods suffer from low selectivity, harsch reaction condition, use of toxic and expensive reagents, corrosive solvents, tedious work-up, etc. Therefore, development of mild, more selective and practical method for this tranformation is still in demand.
In continuation of our program toward development of more facile methods for the aromatization of 1,4-DHPs, 15 we wish to report our new findings that overcome abovementioned difficulties of literature methods by using antimony(V) chloride (SbCl 5 ) as a mild, selective and efficient commercially available oxidant.
Results and Discussion
We began our studies with elements from 13-16 group of the periodic system. Our aim was to determine which elements from those groups are capable of reacting with 1,4-DHPs to form selectively substituted pyridines. In the literature, only Tl(III), 16 Sn(IV) 17 and Pb(IV) 15 f Less polar side-products are formed.
The aromatization with stoichiometric amount of GeCl 4 (Entries 2 and 3), SbCl 5 (Entry 5) and SeO 2 (Entry 8) smoothly proceeded at room temperature and the product was isolated in good-to-excellent yield. The most reactive salt was proved to be SeCl 4 which rapidly reacted with 1 in 15 min. but with very low chemoselectivity. The reaction with In 2 O 3 took place only in acetic acid at reflux temperature with good chemoselectivity. Surprisingly, the aromatization with tellurium salts (TeO 2 and TeCl 4 ) did not give even a trace of the product 2 even at reflux temperature of chloroform and acetic acid (Entries 10-12). From the obtained preliminary results we have decided to test in detail SbCl 5 as cheap, non-toxic and easily accesible compound. In the literature SbCl 5 has been primarly used as selective Lewis acid in many organic tranformations 19 but its oxidation ability was almost neglected. The optimal amount of SbCl 5 in aromatization of 1,4-DHP 2 was proved to be 2.1 equivalent and reaction was completed in 1 h. These reaction conditions were used for the aromatization of substituted 1,4-DHPs and the results are summarized in Table 2 . The main characteristics of the reactions are short reaction times (1-360 min), good-toexcellent yields (80-86%) and high purities of crude products. Substituted aryl groups (Entries 6-8) were well tolerated including highly reactive 2-thienyl and 2-furyl analogues (10,11), which were almost instantly oxidised. The most interesting results was obtained with ethyl analogue 4 which was slowly but selectively dealkylated to give 12, while benzyl analogues 6 was only partially dealkylated giving a mixture of expected (non-dealkylated) and dealkylated products in a ratio 5.7 : 1.0 with small amount (15%) of benzyl-chloride as dealkylation side product. Interestingly, isopropyl derivative 5 was selectively oxidised affording pyridine 13 in low yield. This is a first example of reversed dealkylation obtained during the aromatization of 4-alkyl-1,4-DHPs. Usually, secondary and benzyllic substituents are easily dealkylated while primary alkyl groups remain intact. 23 To explain this observation we have proposed a mechanism which is outlined in Scheme 1. As already mentioned, in the first step the complex II is formed by action of SbCl 5 (Lewis acid) on the nitrogen center of 1,4-DHP I. This process deactivates one equivalent of the oxidant and second equivalent is needed to accelerate the reaction. In the next step, it is not likely to expect one-electron transfer from 1,4-DHP yielding 1,4-DHP radical-cation and Sb(IV) similarly to the mechanism with manganese triacetate mediated aromatization.
12l It is rather to expect twoelectron transfer from 1,4-DHP ring forming more stable oxidation state of antimony (+3). By this process, one mole of HCl is evolved (noticed in reaction) and the product as hexachloroantimonate salt III is generated in a single step. This type of mechanism we have recently proposed in aromatization of 1,4-DHP with lead(IV) acetate. 15 This mechanism was additionally proved in an enantioselective version of the reaction with tartarate modified Pb(IV) salts. 24 Sterical hindrances between SbCl 5 and bulky complex II are probably the main reason for non-typical behavior of alkyl substituents in the reaction. More sterically demanded isopropyl substituent, upon hydride abstraction gave, 13. In contrast, less sterical benzyl and ethyl groups were cleaved prior to CH bond. The regeneration of antimony(V) after the reaction is possible by the action of 30% H 2 O 2 in methanol at room temperature according to literature methods. 25 The investigation of catalytic version of the method employing H 2 O 2 and O 2 as oxidants is in progress and the results will published in due course.
Conclusions
Antimony(V) chloride acts as a mild, selective and efficient oxidant for the aromatization of 1,4-DHPs to substituted pyridines in dichloromethane as a solvent at room temperature. Complete dealkylation of derivative with ethyl group was observed while derivative with benzyl group was only partially dealkylated. On the contrary, isopropyl derivative was selectively oxidised without a presence of dealkylation product. To explain this non-typical behavior plausible mechanism is proposed which include two-electron transfer from 1,4-DHP ring to Sb(V) cation.
Experimental Section
General Procedures. IR spectra were recorded on a Perkin-Elmer Spectrum One spectrometer. 1 H NMR and 13 C NMR were recorded on a Bruker 600 for CDCl 3 solutions, shifts are given in ppm downfield from TMS as an internal standard. HPLC analyses were performed with a Thermo Separation Products (San Jose, USA) instrument equipped with vacuum degasser SCM 1000, quaternary gradient pump P 4000, autosampler AS 3000, scanning UV/VIS detector UV 3000 HR and ChromQuest 251 software. TLC analyses were performed on Merck's (Darmstadt, Germany) DC-alufolien with Kieselgel 60 254 . Melting points were determined using a Büchi B540 instrument. Elemental analyses were done in Central Analytical Service (CAS) at Ruđer Bošković Institute. Gram-scale samples of 1,4-DHPs were prepared by literature methods. 26 The products of aromatization were characterized by a comparison with authentic samples (melting point) and their IR and NMR ( 1 H, 13 C) spectra.
27,28
General Procedures for the aromatization of 1,4-DHPs with SbCl 5 To a solution of 1,4-DHP (1.0 mmol) in dichloromethane, SbCl 5 (0.27 mL, 2.1 mmol) was added at once. The resulting solution was stirred at room temperature for the time indicated in Table 2 .
After that, to the reaction mixture was added water (20 mL) and solid NaHCO 3 in small portions to pH>7 (foaming!). The phases were separated, and the aqueous phase was additionally extracted with dichloromethane (2 x 10 mL). The combined organic layers were dried over Na 2 SO 4 , filtered, and evaporated to dryness. The crude products were recrystallized from diisopropyl ether to give products of purity >99%. 
